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 2 
Abstract 27 
Several bacterial pathogens and viruses interfere with the cell cycle of their host 28 
cells to enhance virulence. This is especially apparent in bacteria that colonise 29 
the gut epithelium, where inhibition of the cell cycle of infected cells enhances 30 
the intestinal colonisation. We found that intracellular Salmonella enterica 31 
Typhimurium induced the binucleation of a large proportion of epithelial cells by 32 
14 hours post invasion, which was dependent on an intact Salmonella 33 
pathogenicity island-2 (SPI-2) type 3 secretion system. The SPI-2 effectors 34 
SseF and SseG were required to induce binucleation. SseF and SseG are 35 
known to maintain microcolonies of Salmonella-containing vacuoles close to the 36 
microtubule organising centre of infected epithelial cells. During host cell 37 
division these clustered microcolonies prevented the correct localisation of 38 
members of the chromosomal passenger complex and mitotic kinesin-like 39 
protein 1, and consequently prevented cytokinesis. Tetraploidy, arising from a 40 
cytokinesis defect, is known to have a deleterious effect on subsequent cell 41 
divisions, either resulting in chromosomal instabilities or cell cycle arrest. In 42 
infected mice, proliferation of small intestinal epithelial cells was compromised 43 
in an SseF/SseG-dependent manner, suggesting that cytokinesis failure caused 44 
by S. Typhimurium delays epithelial cell turnover in the intestine. 45 
 46 
 47 
 48 
 49 
 50 
  51 
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Introduction 52 
 53 
Salmonella enterica serovar Typhimurium is a causative agent of self-limiting 54 
gastroenteritis. Following oral ingestion, S. Typhimurium invades and colonises 55 
the intestinal epithelium, Peyer’s patches and mesenteric lymph nodes (1). 56 
Salmonella virulence is determined partially by the action of two type three 57 
secretion systems (T3SS), encoded by Salmonella pathogenicity island 1 (SPI-58 
1) and SPI-2 (2, 3). The Salmonella T3SSs act at different stages of infection 59 
and function to translocate a repertoire of bacterial effectors into the host cell 60 
(4).  SPI-1 T3SS effectors mediate attachment to and invasion of the host cell, 61 
early biogenesis of the Salmonella containing vacuole (SCV) and immune 62 
evasion. Following acidification of the SCV lumen, the SPI-2 T3SS is activated 63 
and translocates effectors across the vacuolar membrane. These contribute to 64 
immune evasion and facilitate SCV maturation and positioning near the 65 
microtubule-organizing centre (MTOC) and Golgi apparatus, which contributes 66 
to bacterial replication (4, 5). SseF and SseG are two functionally related SPI-2 67 
effectors that in epithelial cells maintain positioning of SCVs close to the 68 
MTOC/Golgi apparatus and enable the formation of a dense ‘microcolony’ of 69 
SCVs. In the absence of SseF and SseG SCVs disperse throughout the 70 
cytoplasm and intracellular bacterial replication and virulence is reduced (6-9). 71 
Many pathogens, including S. Typhimurium, colonise the epithelium of the 72 
intestine (10, 11). The intestinal epithelium undergoes rapid self-renewal by the 73 
perpetual division of stem cells located in the intestinal crypts to maintain tissue 74 
homeostasis, a process that is accelerated in response to bacterial infection 75 
(12). Stem cells generate fast cycling progenitor cells that undergo up to six 76 
rounds of cell division while migrating upwards from the crypts to the tips of the 77 
villi, where the epithelial cells are eventually shed into the intestinal lumen (13). 78 
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Epithelial renewal and shedding is thought to constitute a functional barrier 79 
against enteric bacteria as infected enterocytes can be shed continuously and 80 
replaced (14). Many enteric bacteria have evolved mechanisms to counteract 81 
cell turnover and enhance intestinal colonisation (12). For example, in the 82 
intestinal progenitor cells of the rabbit ileum Shigella flexneri promotes cell cycle 83 
arrest in G2/M phase of the cell cycle through the action of the T3SS effector 84 
IpaB (15). Other enteric bacteria alter the infected host cell cycle by secreting 85 
cyclomodulin toxins. Cyclomodulins are a class of toxins secreted by enteric 86 
bacteria that alter the infected host cell cycle. For example, cytolethal distending 87 
toxin secreted by Campylobacter jejuni activates a DNA damage signalling 88 
pathway and consequently triggers G2/M cell cycle arrest (16).  89 
We previously reported that S. Typhimurium preferentially invades mitotic cells 90 
(17). In addition it was shown recently that S. Typhimurium infection of epithelial 91 
cells induces cell cycle arrest in G2/M phase (18). In this study, we further 92 
investigated the impact of intracellular S. Typhimurium on the host cell cycle 93 
and found that a large proportion of infected cells became binucleated, due to a 94 
block at the terminal stage of cell division, cytokinesis, as a result of the 95 
formation of microcolonies by the effectors SseF and SseG. Our results suggest 96 
that S. Typhimurium infection induces binucleation due to a physical block at 97 
the forming cleavage furrow and cytokinetic bridge. Tetraploidy is known to 98 
have an aberrant effect on cell proliferation, and consistent with this we found 99 
an SseF/SseG-dependent reduction in BrdU incorporation in epithelial cell DNA, 100 
in the mouse intestine during S. Typhimurium infection. 101 
 102 
 103 
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Materials and Methods 104 
Bacterial strains 105 
The wild-type S. Typhimurium strains used in this study were 12023, SL1344 106 
and LT2 (NTCC). Mutant strains were S. Typhimurium 12023 ssaV::aphT (Kan), 107 
sseG::aphT (Kan), sseF::aphT (Kan) and ΔsseFsseG (6). The pFPV25.1 (Amp) 108 
plasmid was used for EGFP expression and the pFCcGI (Amp) for mCherry 109 
expression.  110 
In vitro infections 111 
HeLa (ECACC 93021013) cells were grown in DMEM (PAA laboratories) and 112 
hTERT-RPE1 (ATCC CRL-4000) cells in DMEM:F12 HAM (Sigma) with 0.25% 113 
sodium bicarbonate  and 1 mM Glutamine (Sigma). Both media were 114 
supplemented with 10% FCS (PAA laboratories). All bacterial strains, wild-type 115 
and mutants, were grown overnight in LB at 37ºC, subsequently diluted 1:33 in 116 
3 ml of LB and grown until the culture reached OD600 of 1.5 – 2.0. Bacteria were 117 
diluted in EBSS (Gibco) and added to cells at a MOI (Multiplicity of Infection) of 118 
approximately 100 and incubated for 15 min. Cells were washed in PBS and 119 
incubated for 1 h in growth media with 100 μg/ml of gentamicin. The gentamicin 120 
concentration was subsequently decreased to 20 μg/ml for the remainder of the 121 
infection. 122 
Mouse infections 123 
Female C57/B16 (6-12 weeks, B and K Universal Ltd. UK) of approximately 20 124 
g were inoculated with approximately 6 x 107 CFU/ml of late exponential phase 125 
bacteria by oral gavage. Mice were given 10 mg/ml of BrdU diluted in their 126 
drinking water for the duration of the experiment. At 120 hours post-inoculation 127 
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mice were sacrificed and the small intestines collected. Serial dilutions of the 128 
remaining bacterial solutions were prepared and plated onto LB agar plates to 129 
determine the exact bacterial CFUs used for the oral gavage.  130 
Ethics Statement 131 
Mice experiments were conducted in accordance to European Directive 132 
2010/63/EU regulations with approval from Imperial College, London Animal 133 
Welfare and Ethical Review Body (ICL AWERB) under the Personal Project 134 
licence of Prof. David Holden 70/7768. 135 
Immunofluorescence microscopy 136 
Cells were fixed with 3.7% PFA for 20 min at room temperature, washed with 137 
PBS and the PFA quenched with 1 mM NH4Cl for 30 min. Cells were incubated 138 
with antibodies or dyes diluted in PBS, 10% horse serum and 0.1% saponin for 139 
1 hour. The primary antibodies used were mouse anti-α-tubulin (Sigma), mouse 140 
anti-MPM-2 (Millipore), mouse anti-incenp (Abcam), mouse anti-Aurora B (BD), 141 
rabbit anti-survivin (Abcam), rabbit anti-MKLP1(SC867) (Santa Cruz) and 142 
mouse anti-γ-tubulin (Sigma) and dyes used were WGA (Invitrogen) or DRAQ5 143 
(Biostatus). Coverslips were mounted using Aqua polymount (Polysciences 144 
Inc.). Total fluorescence signal (Integrated Density) of Incenp, Survivin, Aurora 145 
B and MKLP1 divided by the area of each individual cell was quantified using 146 
ImageJ. Samples were all imaged using a confocal laser-scanning microscope 147 
(LSM510 or LSM710, Zeiss) with the 405, 488 and 633 nm excitation lasers and 148 
63x Plan-Apochromat NA 1.4 WD 190 mm Oil or 40x C-Apochromat NA 1.2 WD 149 
280 mm Water objectives.  150 
 151 
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Immunohistochemistry of mouse small intestines 152 
The small intestines from mice were divided in approximately 1 cm portions and 153 
each portion was opened with a longitudinal cut. After several washes with PBS 154 
intestines were fixed with 4% PFA for 2 h then perfused with 10% sucrose. 155 
Intestinal sections were embedded in OCT compound and frozen to -80°C. A 156 
cryostat was used to cut 5-7μM thickness transverse intestine slices, which 157 
were mounted onto microscope slides. The slices were washed with PBS and 158 
incubated with 2N HCl for 30 mins and washed three times with 0.1M Na2B4O7, 159 
pH 9. For BrdU and ZO-1 labelling, the slices were permeabilised with PBS, 160 
0.1% Triton X-100 and 10% horse serum for 30 min then incubated with anti-161 
BrdU (Abcam Ab 1893) and anti-ZO-1 (Zymed laboratories 33-9100), followed 162 
by anti-sheep 637 and anti-mouse 488 secondary antibodies (Alexa Fluor, 163 
Invitrogen), respectively or phalloidin (Invitrogen). Immunohistochemistry 164 
images were acquired ‘blind’ for BrdU, as images were selected by DAPI and 165 
ZO-1 staining. Samples were all imaged using a confocal laser-scanning 166 
microscope (LSM510 or LSM710, Zeiss).  167 
Live imaging 168 
hTERT-RPE1-H2B-GFP cells (kindly provided by Dr Laurent Sansregret, 169 
Francis Crick Institute, London) seeded onto 35mm Matek dishes were infected 170 
with mCherry-wild-type S. Typhimurium 12023 at an MOI of 100. Image 171 
acquisition began at 8 h post-infection and cells were selected based on 172 
alignment of chromosomes on the metaphase plate. Images were acquired 173 
every 2 minutes for a period of 2 hours using a Zeiss Axiovert 200 M 174 
microscope (Zeiss) with a 488 and 633 excitation lasers and 63x Plan-175 
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Apochromat NA 1.4 WD 190 mm oil objective, controlled by Volocity 176 
(Improvision). 177 
Flow cytometry  178 
Cells were trypsinised for 5 min, recovered in complete medium and centrifuged 179 
at 200 x g for 5 min. Pellets were resuspended in 3.7% PFA in PBS for 20 min, 180 
following which cells were pelleted and PFA quenched with 50 mM NH4Cl for 30 181 
min. Cells were centrifuged and then resuspended in 0.08% Triton X-100 in 182 
PBS for 10 min. Cells were incubated with primary antibodies for 1 h and 183 
secondary antibodies for 40 min in PBS + 10% horse serum. DNA was stained 184 
with propidium iodide (in PBS 0.5 mg/ml RNAseA) or DRAQ5 for 10 min at 185 
room temperature. The small intestines were collected from mice infected as 186 
described above. After washing with PBS, the intestines were incubated with 187 
Accutase (eBioscience) for at least 16 h at 4˚C.. The supernatant was collected 188 
and centrifuged for 5 min at 200 x g and the cells were washed three times with 189 
PBS. BrdU labelling was performed as described above. All flow cytometry 190 
analyses were carried out on a two-laser, four-colour FACS CaliburTM flow 191 
cytometer (BD Biosciences). Collected data were analysed with FlowJo 192 
software version 7.6 (TreeStar). 193 
Statistical analysis 194 
Results shown are mean ± standard error of the mean (s.e.m.). Statistical 195 
testing was performed using Student’s t-test (continuous data, 2 groups). * 196 
P<0.05; ** P<0.01; *** P<0.001; N.S (not statistically significant). 197 
 198 
 199 
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 200 
 201 
 202 
Results 203 
Intracellular S. Typhimurium induces binucleation of host cells 204 
To investigate if intracellular S. Typhimurium interferes with the progression of 205 
the host cell cycle, we recorded the DNA profiles of asynchronous populations 206 
of HeLa cells and normal diploid human RPE1 cells infected for 14 h with wild-207 
type S. Typhimurium strain 12023 constitutively expressing EGFP. Flow 208 
cytometry histograms of the cellular DNA content of infected cells showed an 209 
increase of approximately 1.7-1.9 fold in cells carrying two copies of the 210 
genome (“4n” DNA content, or tetraploid cells), when compared to uninfected 211 
cells from the same samples (Fig. 1A and S1). This is in agreement with a 212 
previous study in which it was shown that Salmonella infection caused an arrest 213 
in G2/M phase of the cell cycle (18). Tetraploid cells can arise from ‘mitotic 214 
slippage’ or cytokinesis failure. ‘Mitotic slippage’ describes cells that finish 215 
mitosis without progressing to anaphase or cytokinesis, due to an arrest of the 216 
spindle assembly checkpoint, resulting in cells with one tetraploid nucleus (19). 217 
In contrast, cytokinesis failure results in cells that contain two discrete nuclei 218 
each with a 2n DNA content (19). To distinguish between these possibilities, we 219 
used confocal fluorescence microscopy to image RPE1 cells that were infected 220 
for 14 h with wild-type S. Typhimurium strains. Strikingly, approximately 50% of 221 
the infected cells contained two nuclei, compared to 15-20% in the uninfected 222 
sample (Fig. 1B and C). This result was confirmed with two other wild-type 223 
strains of S. Typhimurium (SL1344 and LT2) in RPE1 and HeLa cells (Fig. 1C 224 
and S1) so all further experiments were conducted with strain 12023 in RPE1 225 
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cells. Unsurprisingly, the majority of binucleated cells infected with wild-type S. 226 
Typhimurium showed increased centrosome numbers compared to 227 
mononucleated cells (Fig. S2A). We did not observe any differences in the 228 
mitotic index between infected and uninfected cells, as detected by the 229 
percentage of cells positive for MPM-2, a marker of mitosis, suggesting that 230 
infected cells do not arrest in mitosis (Fig 1D). Taken together these data 231 
suggest that S. Typhimurium induces binucleation of infected cells through a 232 
failure in cytokinesis. 233 
 234 
The SPI-2 T3SS effectors SseF and SseG cause binucleation of infected 235 
cells 236 
A significant increase in tetraploid cells occurred from 12 h post-invasion 237 
onwards (Fig. 1E), suggesting that bacterial replication and the action of the 238 
SPI-2 T3SS, but not of the SPI-1 T3SS, might be required to perturb host cell 239 
division. A ΔssaV mutant strain has an intracellular replication defect due to the 240 
absence of a functional SPI-2 T3SS (20). When cells were infected with the 241 
∆ssaV mutant there was only a moderate increase (1.23 fold) in cells containing 242 
4n DNA relative to the uninfected internal control population, in contrast to the 243 
increase of 2.22 fold in cells infected with wild-type bacteria (Fig. 2A). This 244 
suggests that Salmonella-induced host cell binucleation is dependent on the 245 
activity of one or more SPI-2 T3SS effectors. Of the 18 SPI-2 T3SS single 246 
effector mutants subsequently tested, only the ΔsseG and ΔsseF mutants 247 
recapitulated the phenotype of the cells infected with the ΔssaV mutant (Fig. 2B 248 
and C). A double ΔsseFG mutant did not further reduce the percentage of 249 
tetraploids (Fig. 2C), consistent with the known physical and functional 250 
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interaction between SseF and SseG (6, 9, 21). In contrast to two other studies, 251 
a ∆spvB mutant did not reduce the proportion of cells with 4n DNA content (18, 252 
22). Immunofluorescence analysis confirmed that the decrease in tetraploidy in 253 
cells infected with the ΔssaV, ΔsseF or ΔsseG mutants was due to a decrease 254 
in binucleated cells, which were less than 20% of the infected cells (Fig. 2D), 255 
similar to the level of uninfected cells (Fig. 1C). Importantly, the lack of 256 
binucleation following infection with ∆sseF or ∆sseG mutants was 257 
complemented by the introduction of a low copy number plasmid carrying sseF 258 
or sseG, respectively (Fig 2D). Therefore, SseF and SseG contribute to the 259 
formation of binucleated cells during S. Typhimurium infection. 260 
 261 
Bacterial microcolonies obstruct the cleavage furrow of diving cells 262 
To further analyse if there was a cytokinesis defect in cells infected with 263 
Salmonella we examined the localisation of three members of the chromosomal 264 
passenger complex (CPC); Incenp, Survivin and Aurora B, as a measure for 265 
correct formation of the cleavage furrow. The CPC localizes to the cleavage 266 
furrow, where it has a crucial role in furrow formation and function (23). In 267 
addition to members of the CPC, we also examined the localization of mitotic 268 
kinesin-like protein 1 (MKLP-1), a member of the Centralspindlin complex that 269 
contributes to cleavage furrow ingression and facilitates recruitment of the CPC 270 
and proteins that control abscission (24-26). While no differences in the total 271 
levels of Incenp, Survivin, Aurora B or MKLP-1 were detected upon infection 272 
(Fig. 3A and B), approximately 50% of cells infected with the wild-type strain 273 
showed abnormal localization of Incenp and approximately 70% showed 274 
abnormal localization of Aurora B, Survivin and MKLP-1 at the cleavage furrow, 275 
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in comparison to less than 3% of uninfected cells (Fig. 3A and C). Only 276 
approximately 10% of cells infected with the ΔsseFG mutant showed abnormal 277 
localization of Incenp, AuroraB and Survivin and approximately 20% of MKLP-1 278 
(Fig. 3D). When oriented within the cleavage plane, foreign bodies such as 279 
latex beads, Chlamydia inclusions, phagocytosed dead cells or asbestos fibers 280 
can disrupt cytokinesis by perturbing cleavage furrow formation and physically 281 
blocking abscission (27-30). S. Typhimurium mutant strains lacking either a 282 
functional SPI-2 T3SS (ΔssaV) or either SseF or SseG form few MTOC-283 
associated microcolonies and instead the SCVs have a tendency to scatter 284 
throughout the cells (8). We scored infected cells based on the presence of a 285 
microcolony (defined as a tight cluster of SCVs near the MTOC) or scattered 286 
SCVs (Fig. 3E) and then quantified the number of binucleated cells in these 287 
subpopulations. Strikingly, when infected cells harboured a microcolony we 288 
found a high enrichment of binucleated cells for all strains, including the 289 
mutants (Fig. 3F). Therefore, the presence of a dense microcolony is likely to 290 
cause most of cytokinesis failure events during Salmonella infection by 291 
physically blocking abscission. Nevertheless, by comparing wild-type and 292 
mutant Salmonella it was apparent that the presence of a microcolony did not 293 
completely account for binucleation, as the level of binucleation in ∆ssaV, 294 
∆sseF and ∆sseG infected cells that harboured a microcolony was not as high 295 
as in wild-type infected cells with a microcolony. Given that ∆ssaV, ∆sseF and 296 
∆sseG mutants all have significant replication defects in epithelial cells, the 297 
number of intracellular bacteria and hence the size of the microcolony could 298 
also contribute to the block in cytokinesis (Fig. 3F and G) (7, 9, 20). 299 
SseF/SseG-mediated microtubule bundling has been observed during 300 
Salmonella infection (31). There was no apparent microtubule bundling in RPE1 301 
cells infected with wild-type Salmonella at 14 h when compared to uninfected, 302 
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∆sseF-, ∆sseG- and ∆ssaV-infected cells (Fig S2B), suggesting that microtubule 303 
bundling is a cell type-dependent phenotype and is unlikely to contribute to the 304 
cytokinesis defect we observed (31). We then conducted live imaging of RPE1 305 
cells stably expressing Histone 2B – GFP (H2B-GFP) to observe cell division in 306 
uninfected and infected cells. Cell rounding, chromosome condensation and 307 
lining up of chromosomes at the metaphase plate were unaffected in infected 308 
cells (Fig. 3H, Supplemental movies 1-3). Normal cell division occurred in 309 
infected cells if the microcolony was not located within the cleavage furrow 310 
(middle panel, Fig. 3H, Supplemental movie 2). However, when the microcolony 311 
was positioned between the two separated chromosome masses during 312 
telophase, the cleavage furrow formed and collapsed, generating a binucleated 313 
cell (bottom panel, Fig. 3H, Supplemental movie 3). Taken together, these data 314 
suggest that the presence of S. Typhimurium microcolonies within the cleavage 315 
furrow acts as a physical barrier that displaces essential proteins for abscission, 316 
often resulting in failure during cytokinesis and subsequent binucleation of the 317 
host cell. 318 
 319 
S. Typhimurium infection inhibits cell turnover at the small intestine 320 
The inevitable consequence of tetraploidy is an aberrant effect on subsequent 321 
rounds of cell division and overall proliferation, whether this is an arrest in the 322 
following cell cycle, cell death or development of chromosome instability and 323 
aneuploidy (19, 32-34). To measure the effect of SseF and SseG on cell 324 
proliferation in the epithelium of the small intestine we infected mice by oral 325 
gavage for 120 h with wild-type or mutant S. Typhimurium strains constitutively 326 
expressing mCherry, as this fluorescent protein is more photostable in vivo than 327 
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GFP (35). Oral inoculation of mice with S. Typhimurium induces a systemic 328 
disease with successful colonization of the epithelium of the small intestine, 329 
followed by invasion to the lamina propria and seeding of the liver, spleen and 330 
gallbladder (36). Infected mice were sacrificed and their small intestines 331 
removed and sectioned for immunohistochemistry analysis. In agreement with 332 
other studies, we found that S. Typhimurium can access not only the villi, but 333 
also the crypts of the small intestine (Fig. 4A – Salmonella microcolonies are 334 
indicated by the yellow arrows) (37, 38). Resident stem cells at the intestinal 335 
crypts give rise to fast proliferating cells that migrate upwards to regenerate the 336 
layer of enterocytes in the villi, in a continuous and well characterized process 337 
(39). We determined if S. Typhimurium infection impaired the rate of overall cell 338 
proliferation (and indirectly the cell cycle) in the small intestine, by adding 5-339 
bromo-2'-deoxyuridine (BrdU) to the drinking water of mice during infection. In 340 
uninfected mice the percentages of BrdU-positive nuclei observed by confocal 341 
microscopy were approximately 30% of cells within the crypts and 35% within 342 
the villi. Similar percentages were found for both the ΔsseF and the ΔsseG 343 
mutant strains (~30% for both mutants in the crypts and villi) (Fig. 4B and C). In 344 
contrast, in wild-type-infected samples the percentage of BrdU positive nuclei in 345 
the crypts was approximately 15% and less than 10% at the villi (Fig. 4B and 346 
C). These results were confirmed by flow cytometry, where the percentage of 347 
BrdU-positive cells extracted from the small intestine of wild-type-infected mice 348 
was approximately 45% less than ∆sseF and ∆sseG infected mice and 55% 349 
less than the uninfected control. (Fig. 4D). Therefore, this set of data indicates 350 
that S. Typhimurium impairs cell turnover in the small intestine in an 351 
SseF/SseG-dependent manner. 352 
 353 
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 355 
 356 
 357 
Discussion 358 
Analysis of infected RPE1 cells showed that intracellular S. Typhimurium led to 359 
an accumulation of binucleated cells after 12 h of infection (Fig. 1). This 360 
depended on two SPI-2 T3SS effectors, SseF and SseG (Fig. 2), which 361 
promote the formation of stable bacterial microcolonies in the vicinity of the 362 
Golgi (6-9).  Live cell imaging and immunofluoresence revealed that 363 
binucleation often occurred when a microcolony of SCVs was observed and 364 
localized within the cleavage furrow during cytokinesis, which strongly indicates 365 
that the S. Typhimurium microcolony induced binucleation (Fig. 3).  366 
Chlamydia trachomatis inclusions, phagocytosed synthetic fibres, phagocytosed 367 
cells and latex beads have all been shown to physically block furrow ingression, 368 
cytokinesis and lead to cell binucleation (27, 29, 30, 40). As infection 369 
progresses, SCVs move towards the Golgi apparatus and following bacterial 370 
replication, form a dense microcolony. A functional SPI-2 T3SS is important for 371 
SCV positioning at the Golgi apparatus and microcolony formation, due to the 372 
action of SseF and SseG (6-9). Salmonella-induced binucleation also depended 373 
on SseF and SseG. Previous work has indicated that the expression of SseF 374 
and SseG during infection of HeLa cells at 16 h can cause the bundling of 375 
microtubules emanating from the microcolony of SCVs by an unknown 376 
mechanism (31). Bundled microtubules could conceivably interfere with 377 
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cytokinesis due to the fundamental importance of a dynamic microtubule 378 
network in cytokinesis and all stages of mitosis, or bundled microtubules could 379 
represent a physical block to the forming cleavage furrow. We did not observe 380 
bundled microtubules in infected RPE1 cells (Figure S2B). Therefore this 381 
phenomenon, which in HeLa cells is dependent on SseF and SseG, does not 382 
appears to contribute to cytokinesis failure in RPE1 cells (31). Indeed, 383 
cytokinesis failure is unlikely to be due to direct mechanistic action of SseF or 384 
SseG, as in the absence of these effectors binucleation was still observed in the 385 
minority of cells that formed dense microcolonies. In addition, cell abscission 386 
failed and the CPC and MLKP-1 were abnormally localised when a microcolony 387 
was observed within the cleavage furrow (Fig 3). Therefore, the most likely 388 
explanation is that the microcolony of SCVs leads to binucleation of Salmonella 389 
infected cells by causing a physical block at the cleavage furrow and preventing 390 
the completion of cytokinesis.  391 
It is well established that tetraploidy or cytokinesis failure negatively affects 392 
subsequent cell proliferation (32-34, 41, 42). To investigate intestinal cell 393 
proliferation in vivo, we measured BrdU incorporation in DNA of intestinal cells 394 
of mice infected with wild-type or mutant strains. We found that S. Typhimurium 395 
infection impaired cell proliferation at the small intestine, in an SseF/SseG-396 
dependent fashion (Fig. 4). Since BrdU would only be incorporated into the 397 
DNA of proliferating cells we conclude that the effects of SseF and SseG on the 398 
host cell cycle might also occur in vivo. However, reduced proliferation could 399 
also be due to increased apoptosis and infection-induced inflammation (43). 400 
The replication of ∆sseF and ∆sseG mutant strains is compromised relative to 401 
wild-type Salmonella in mouse models of infection (6). Therefore, the difference 402 
in intestinal cell proliferation detected after infection with wild-type Salmonella, 403 
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compared to the ∆sseF or ∆sseG mutants, could also be due to their 404 
intracellular replication defect. This in turn could lead to reduced inflammation 405 
and cell damage. Further work studying intestinal morphology, levels of 406 
inflammation and gut bacterial burden might help to clarify the specific effects of 407 
bacterial replication, inflammation and host cell cycle failure on intestinal cell 408 
turnover.  409 
Nevertheless, our work gives a strong indication that S. Typhimurium infection 410 
reduces the propensity for the gut epithelium to proliferate. The self-renewal of 411 
the gut epithelium is thought to be an important host defence mechanism to 412 
eliminate infected cells and therefore to limit persistent bacterial colonisation. 413 
Some bacterial pathogens such as enteropathogenic Escherichia coli (EPEC) or 414 
Shigella counteract the rapid epithelial turnover to maintain enterocytes as a 415 
replicative niche. Some EPEC strains deliver the protein Cif into host cells, 416 
which blocks the host cell cycle by causing both G1/S and G2/M arrest (44, 45). 417 
Interestingly, Shigella seems to be able to manipulate epithelial cell turnover by 418 
directly accessing the progenitor cells in the crypts, via the translocation of the 419 
T3SS effector IpaB, which arrests cell cycle progression by direct binding to 420 
Mad2L2, an anaphase promoting complex inhibitor (15). Similarly, we show that 421 
S. Typhimurium accesses the epithelial crypts in the mouse model of infection 422 
(Fig. 4A) (38). By blocking cell proliferation in the intestinal crypts, S. 423 
Typhimurium could delay epithelial cell turnover to facilitate bacterial 424 
colonisation. 425 
  426 
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Figure Legends 586 
Fig 1. Intracellular S. Typhimurium leads to an accumulation of 587 
4n/binucleated host cells. (A) Representative flow cytometry histograms of 588 
HeLa cells (left) and RPE1 cells (right) infected for 14 h with EGFP-S. 589 
Typhimurium 12023 and subsequently stained with DRAQ5 for cellular DNA 590 
content. The increase in the percentages of cells (red) with cellular DNA content 591 
of 4n in infected (red) compared to the uninfected populations (dark grey) is 592 
indicated. The indicated fold increase in 4n cells was calculated by dividing the 593 
percentage of infected 4n cells by the percentage of uninfected 4n cells from 594 
the same sample. (B) Immunofluorescence microscopy of RPE1 cells infected 595 
for 14 h with EGFP-S. Typhimurium 12023 (green); DNA stained with DRAQ5 596 
(blue); α-tubulin (red). Bar represents 20 µm. (C) Percentage of RPE1 cells 597 
containing one or two nuclei, scored following fluorescence microscopy. Only 598 
non-overlapping cells were analysed, as determined using the cell membrane 599 
marker WGA. At least 400 cells were counted for each category in three 600 
independent experiments.  (D) Flow cytometry analysis of uninfected or infected 601 
RPE1 cells for 9 h with EGFP-S. Typhimurium 12023 and stained for DNA and 602 
MPM-2, a mitotic cell marker.  Infected cells were gated by EGFP-fluoresence. 603 
(E) Time-course of the fold increase in 4n RPE1 cells infected with EGFP-S. 604 
Typhimurium, measured by flow cytometry analysis. As depicted in histograms 605 
above, the fold increase of tetraploids was calculated by dividing the 606 
percentage of 4n infected cells by the percentage of 4n uninfected cells, from 607 
the same sample. (C, D and E) Data are from three independent experiments 608 
where at least 30,000 cells were analysed in each sample. *P<0.05; **P<0.01, 609 
***P<0.001. 610 
 611 
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Fig 2. The SPI-2 T3SS effectors SseF and SseG of S. Typhimurium induce 612 
binucleation of host cells. (A) Representative flow cytometry DNA histograms 613 
showing RPE1 cells infected with wild-type S. Typhimurium (left, red) or ΔssaV 614 
mutant (right, red) compared with uninfected cells (dark grey). (B) Flow 615 
cytometry analysis of RPE1 cells infected with a panel of SPI-2 T3SS single 616 
effector mutants. As depicted in histogram above, the percentage of tetraploids 617 
was calculated by quantifying the number of cells with 4n DNA within the 618 
infected population and normalised to the wild-type strain. The bars 619 
corresponding to the mutant strains considered to be positive hits are shown in 620 
red. At least 30,000 cells were analysed in each sample. (C) Flow cytometry 621 
DNA histograms showing RPE1 cells infected with Salmonella mutant strains 622 
ΔsseG, ΔsseF or ΔsseFG (red) and uninfected cells (dark grey). The increase 623 
in the percentages of infected cells with DNA content of 4n compared to the 624 
uninfected population is indicated. (D) Percentage of RPE1 cells containing one 625 
or two nuclei, scored following fluorescence microscopy (left panel). RPE1 cells 626 
infected for 14 h with wild-type S. Typhimurium and the ΔssaV, ΔsseF or ΔsseG 627 
mutants. EGFP- S. Typhimurium (green); host cell DNA stained with DRAQ5 628 
(blue); and α-tubulin (red). Dashed white lines highlight infected cells and 629 
nuclei. Bars represent 10 µm. At least 200 cells were counted for each category 630 
in three independent experiments *P<0.05; **P<0.01, ***P<0.001. (A-C) The 631 
indicated fold increase in 4n cells was calculated by dividing the percentage of 632 
infected 4n cells by the percentage of uninfected 4n cells from the same 633 
sample. Flow cytometry analyses resulted from at least three independent 634 
experiments and for each at least 30,000 cells were counted in each sample. 635 
 636 
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Fig 3. The microcolony formed by S. Typhimurium physically obstructs 637 
the cleavage furrow during abscission. (A) Representative images by 638 
immunofluorescence microscopy of uninfected RPE1 or cells infected with 639 
EGFP-expressing Salmonella (green), immunostained for Incenp (top left), 640 
Survivin (top right), AuroraB (bottom left) or MKLP-1 (bottom right) shown in red 641 
or white (zoom); DNA (blue). Bars represent 20 µm. (B) Total fluorescence 642 
signal of Incenp, Survivin, Aurora B and MKLP-1 with or without infection with 643 
wild-type Salmonella. (C) Percentage of RPE1 cells with mislocalization of 644 
Incenp, Survivin, Aurora B and MKLP1 in uninfected cells or wild-type-infected 645 
cells. (D) Percentage of RPE1 cells with mislocalisation of Incenp, Survivin, 646 
Aurora B and MKLP1 in wild-type-infected cells or or ΔsseFG-infected cells. (E) 647 
Percentage of RPE1 infected cells with a microcolony or with dispersed 648 
bacteria, scored following fluorescence microscopy. (F) Percentage of 649 
binucleated RPE1 cells in all infected cells or only in cells containing a 650 
microcolony following fluorescence microscopy. (G) Immunofluorescence 651 
microscopy image of RPE1 cells infected with the EGFP-ΔsseG mutant strain 652 
(green); α-tubulin (red); DNA (blue). Arrow points to an infected binucleated cell 653 
with a microcolony. Bars represent 20 µm. (H) Time-lapse microscopy of cell 654 
division in RPE1 cells stably expressing Histone 2B (H2B) fused with EGFP 655 
(green) and mCherry-expressing S. Typhimurium (red) showing an uninfected 656 
cell (first panel), an infected cell where the microcolony localizes away from the 657 
cleavage plane (second panel) and an infected cell where the microcolony 658 
localizes within the cleavage plane, leading to failure in abscission and 659 
subsequent binucleation (third panel). Time shown in hh:mm. (B-F) At least 400 660 
cells were counted in three independent experiments *P<0.05; **P<0.01, 661 
***P<0.001, N.S (not statistically significant). 662 
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Fig 4. S. Typhimurium impairs cell proliferation at the mouse small 663 
intestine in an SseF- and SseG- dependent manner. (A) Histochemistry 664 
images from slices of the small intestine of mice infected with mCherry-wild-type 665 
S. Typhimurium 12023 120 h after oral inoculation. S. Typhimurium in green, 666 
DNA in blue and actin in red. Zoomed images in the bottom panels. Arrows 667 
point at infected cells with microcolonies. Bars represent 50 µm (B) 668 
Immunohistochemistry images from slices of the small intestine of uninfected 669 
mice (first panel) or infected with wild-type (second panel), ΔsseG (third panel) 670 
or ΔsseF mutant (fourth panel) S. Typhimurium and given BrdU for 120 h. DNA 671 
in blue, BrdU in green and ZO-1 in red. Bars represent 50 µm (C) Percentage of 672 
BrdU-positive cells from the crypts or villi uninfected or infected with wild-type, 673 
ΔsseG or ΔsseF S. Typhimurium, quantified from immunofluorescence 674 
microscopy. One mouse was infected per strain in four independent 675 
experiments. At least 100 cells were counted per strain in each experiment (D) 676 
Flow cytometry histograms showing BrdU fluorescence in cells isolated from the 677 
small intestines (S.I.) of mice uninfected or infected with wild-type, ΔsseG or 678 
ΔsseF mutant S. Typhimurium (left) and the corresponding quantification of 679 
BrdU-positive cells normalized to the uninfected sample (right). An unstained 680 
sample was used to provide the background signal used as threshold to 681 
distinguish between BrdU-positive from BrdU-negative cells. At least 30,000 682 
cells counted per sample. (C-D) 1 mouse was sacrificed per condition and at 683 
least 4 independent experiments were performed. *P<0.05; **P<0.01; 684 
***P<0.001.  685 
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